Pili and piln antigenic variation play important roles in adhesion ofNeisseria mexiRgiidji (MC) 
strain 8013 are piliated and produce the same pilin variant as adhesive derivatives. PilCO and PilC2, high molecular weight outer membrane proteins in Neisseria gonorrhoeae, are proposed to play roles in pilus assembly. Strain 8013 also contains pilCI and piUC2; their products function in a similar if not identical manner in pilus biogenesis. PilCi has an additional function in that it also modulates adhesiveness of strain 8013.
Adherence of Neisseria meningitidis (MC) to human cells is an important virulence attribute (1) . Pili have been implicated in facilitating MC adherence (2) (3) (4) . MC pili and pilins, their major subunits, fall into two distinct classes (5) . Class I pili are similar to Neisseria gonorrhoeae (GC) pili and react with SM1 monoclonal antibody. Class II pili do not bind SM1 and are unrelated to GC pili (6) . The GC chromosome contains numerous silent variantpil genes (pilS) and a pilin expression locus, pilE. Pilin antigenic variation results from recombination events between a pilS and pilE (7) (8) (9) . A locus similar to pilE has been identified in class I MC strains (10) , and pilin antigenic variation in MC is thought to occur by the same mechanism.
The pathways for pilus biogenesis in MC are not known. In GC, a 110-kDa protein termed PilC is believed to serve as an assembly platform for the pilus. There are two pilC genes, pilCi and pilC2, in GC strain MS11. Frameshift mutations within a poly(G) tract in the signal peptide-encoding region of the gene result in PilC phase variation (11) . pilC-strains are nonpiliated (P1) and secrete truncated pilins. These observations led to the suggestion that PNC proteins play a major role in pilus biogenesis in GC. In other studies, piliated (P+), pilC-GC mutants have been obtained (12) . These variants are nonadhesive (adh-), and reversion of these strains to an adh+ phenotype was correlated with a PiNC+ phenotype.
These results suggest that NC proteins play a major role in GC adhesion.
In addition to piliation per se, pilin antigenic variation has been shown to modulate the adhesiveness of MC (13, 14) . However, variability in adhesiveness still exists among P+ variants producing the same pilin, suggesting that other factors are involved in MC adhesion. In this report we show that PiNC is also important for MC adhesion to cells. Like GC, MC strain 8013 contains two pilC genes, which we also term pilCi and pilC2. The two NC proteins exert similar effects on pilus biogenesis. In addition, PilC1 plays a role in adhesion through a mechanism which is unrelated to pilus biogenesis.
MATERIALS AND METHODS
Bacterial Strains and Growth Conditions. N. meningitidis 8013, a class I strain, N. gonorrhoeae MS11, and the GC strains with defined PilC phenotypes have been described previously (15, 16) . Bacterial cultivation and transformation were performed as described elsewhere (13) . Derivatives of 8013 were purified as a single colony before storage at -70°(. All experiments were done with overnight cultures from frozen stocks. For selection of neisseriae, kanamycin (Km) and erythromycin (Erm) were used at concentrations of 100 and 2 ug/ml, respectively. With Escherichia coli, Km and Erm were used at concentrations of 40 and 200 ,ug/ml, respectively. Piliation of MC was monitored by transmission electron microscopy (13) .
DNA Techniques, Protein Preparation, Immunoblotting, and Reagents. Standard molecular biology techniques were performed according to Sambrook et al. (17) . DNA sequences of the pilE variable region of each derivative were determined by dideoxynucleotide sequencing of PCRamplified products as previously described (13) . MC protein preparations and immunoblotting were as reported (18) . In some experiments proteins were transferred for 24 hr at 500 mA. In our hands, such conditions favored the transfer of PilC2. The monoclonal antibody SM1, which recognizes the constant region of class I MC pili, was a generous gift from J. Heckels (University of Southampton, U.K.).
Production of Antiserum Against PilC Proteins. Oligonucleotide primers 5'-GGCTAGGTGGCATATGAAAGATA-CCGG-3' and 5'-TTTGCAATCGGGGATCCTCAGGT-GTCTTTC-3', incorporating base changes required to create either an Nde I or a BamHI restriction site, respectively, were used to PCR amplify the DNA encoding amino acids 302-698 of PilC1 from MS11. To produce the vector pET3a-BPL1, the product DNA was ligated into pET3a, using the Nde I and BamHI sites (19) . Induced expression of the PilC1-(302-698) fragment in E. coli strain BL21(DE3)pET3a-BPL1 showed the expected 42-kDa protein, to which a rabbit antiserum was raised. The antiserum showed reactivity by immunoblot with both NCO and PNC2 of GC.
Oligonucleotide Primers Used in This Study. The pilE gene from strain 8013 was amplified by using primers 1 and 2 (13) . A fragment encoding the constant region of PNlE was amplified as described elsewhere (13) . The The Km-resistance (Kmr) gene, an aph-3', was amplified by using primers KM1 (5'-CGGGATCCAGAAAAGAG-GAAGGAAATAATAA-3') and KM3 (5'-GCGGAAGCTT-GCCGTCTGAATGCTTTTTAGACATCTAAATCTA-GG-3') (1). The ermAMgene, encoding Erm resistance (Ermr), was amplified by using primers ERMAM1 (5'-GCAAACT-TAAGAGTGTGTTGATAG-3') and ERMAM3 (5'-AAGCT-TGCCGTCTGAATGGGACCTCTTTAGCTTCTTGG-3') (20) . ERMAM3 and KM3 carry the neisserial DNA uptake sequence 5'-GCCGTCTGAA-3' (21) .
Celi Culture and Adherence Assays. Human umbilical vein endothelial cells (HUVECs), proliferative cells in passage 1 from Clonetics (San Diego), were used between passage 3 and 4. Cultivation of HEC-1-B human epithelial cells and adhesion assays were performed as previously described (13) . Adhesiveness was quantitated by determining the ratio of cell-associated colony-forming units (CFUs) to total CFUs present in the supernatant. Derivatives were considered nonadhesive when this ratio was less than 0.001, lowadhesive when the ratio was between 0.01 and 0.05, and high-adhesive when the ratio was above 0.20. All derivatives tested yielded adhesion ratios that fell within these three classes, and no intermediate values were obtained. In some experiments, adhesion assays were performed with cellassociated CFUs of an isolate. In these cases, CA (cellassociated) precedes the name of the strain. These CFUs were grown overnight on GCB agar plates (13) (13) . These results support our previous data that adhesiveness of MC is modulated by pilin antigenic variation.
The role of piln in adhesion was examined further by introduction of a null mutation into pilE of 8013NA. pilE was amplified by using primers 1 and 2, and cloned in the Sma I site of pUC19. The Kmr gene, amplified by using primers KM1 and KM3, was then inserted into the BstXI site ofpilE, which is located in the constant region. This pilE::Km construct from E. coli was used to transform 8013NA. Absence of pilin production was confirmed by using monoclonal antibody SM1. The DNA from 8013NApilE::Km was next used to transform the high-adhesive clone 12. As expected, loss of pilin production led to a dramatic decrease in adhesion of MC to HEC-1-B cells and HUVECs (Table 2 ). In addition, 8013NApilE::Km could not revert to an adhesive phenotype ( Table 2) . These experiments further support the observations that pili are absolutely required for interactions of MC with HUVECs and HEC-1-B cells.
Role of PilC in MC Adhesion. Since the nonadhesive 8013NA and its low-adhesive isolates, clones 11, 13, and 14, express the same pil variant, we examined these strains further. A comparison of outer membrane protein (OMP) profiles of 8013NA and one of its low-adhesive derivatives indicated that the latter produced an OMP of 110 kDa, whereas the nonadhesive 8013NA did not (data not shown). Immunoblots of OMPs from 8013NA, clones 11 and 14 (low-adhesive), and clone 12 (high-adhesive) were next'prepared, using antiserum raised against the GC PilC1 protein (Fig. 1A) . This antiserum recognized a 110-kDa protein in the adhesive derivatives (Fig. 1A, lanes 1-3) . The antiserum failed to bind a protein of 110 kDa from the parental nonadhesive 8013NA strain but, interestingly, it did recognize a protein of slightly larger molecular mass (Fig. 1A, lane 4) . In a control blot the antiserum bound a protein of 110 kDa in OMPs from a PilC+ GC strain but not from a PilC-strain (Fig.  1A, lanes 5 and 6) . The antiserum also reacted with proteins of lower molecular mass in all samples, including the positive and negative controls. Nevertheless, our data strongly suggest that the adhesive phenotype of MC correlates with the presence of a 110-kDa OMP containing GC PilC epitopes. To gain more insight into the role played by PNC in adhesion, the MC pilC genes and their gene products were examined further. Microbiology: Nassif et al. pilCI and pilC2 Affect Piliation and Adhesion in 8013. Southern blots of Cla I-, Pvu II-, and Mbo I-digested 8013 chromosomal DNA were probed with a 200-bp sequence located within pilCi in GC (11) . This fragment was amplified by using total DNA from GC strain MS11 as template and PILC1.1 and PILC1.2 as primers. This probe hybridized to two Cla I and Pvu II fragments (Fig. 2) . It also hybridized to two Mbo I fragments of 1.3 kb and 500 bp (data not shown).
Inverse PCR performed using ligated Mbo I-digested DNA of 8013NA as template and PILC1.4 and PILC1.3 as primers amplified 1.3-kb and 500-bp fragments (Fig. 3A) . These products are identical in size with the Mbo I fragments hybridizing with the pilCI GC probe. These data strongly suggest that two copies ofpilC are present in 8013. As shown in Fig. 2 (Fig. 3B) . Sequence determination of the first 120 bp of this insert showed that this segment has a high degree of similarity to the 5' region of GC pilCi (Fig. 3A) . A stretch of 9 G residues was present in this segment of pilCi from 8013, suggesting that, like expression in GC, expression of MC pilCi is likely controlled at the translational level by frameshift mutations in this purine tract (11 Km-and Erm-containing agar. Of six transformants studied by Southern hybridization, one contained the Kmr gene in pilC2. This mutant was named 12pilCl::Erm/pilC2::Km. To constrict a pilCI+/pilC2-mutant, DNA from l2pilCl::Erm/ pilC2::Km was used to transform clone 12 and plated on Km agar. Southern blotting offour Kmr transformants showed that all had the Kmr gene inserted into pilC2. One mutant, 12pilC2::Km, was selected for further study.
Piliation and adhesion phenotypes were determined for these pilC mutants (Table 3) . Inactivation of either pilC1 or pilC2 did not abolish piliation. In contrast, the piiC-/pilC2 double mutant is P-(data not shown). These results suggest that the two pilC loci have similar if not identical functions in piliation. Wild-type clone 12 and its pilC mutants synthesized pilins of identical size, as determined by immunoblotting of total MC protein using monoclonal antibody SM1 (data not shown). These data (i) confirm the role of PNC in pilus assembly and (ii) suggest that both pilC1 and pilC2 are expressed in clone 12.
Immunoblots with anti-PilC antiserum had indicated the presence of one protein of 110 kDa in OMPs from clone 12 (Fig. 1A, lane 2) . When the OMPs from this strain were separated by prolonged electrophoresis before immunoblotting, the antiserum was found to recognize two closely migrating proteins at this molecular mass range (Fig. 1B, lane  1) . The smaller of the two proteins, which reacted more strongly with the antiserum, was absent from the pilCImutant (Fig. 1B. lane 2) , while the larger protein was missing from the pilC2-mutant (Fig. 1B, lane 3) . These (Fig. 1C, lane 2) but absent from OMPs from the pilC2::Km mutant (Fig. 1C, lane 1) . These data confirm the presence of PNC2 in clone 12. Tables 1 and 2 ; ND, not done. pilCl -and pilCB-/pilC2-mutants of clone 12 are adh-. In contrast, the pilC2-mutant is adh+ (Table 3 ). In addition a P-phenotype requires a double pilCl-/pilC2-mutant. Taken together, these findings indicate that PilC1 and PilC2 have similar if not identical functions with regard to piliation. PilC1, in addition, plays an indispensable role in adhesion. The pilE sequence of clone 12pilCl::Km was determined and found to be identical to that in the parental clone 12. This observation rules out the possibility that adhesion differences between clone 12 and its pilCB -mutant could be due to pilin antigenic variation. The important role of PilC1 in adhesion is further supported by the fact that adhesive revertants of pilCB-mutants cannot be isolated by passage on HEC-1-B cells (Table 3) .
The parental 8013NA strain is piliated but nonadhesive, suggesting that it produces PilC2 but not PilCL. Indeed, in this strain, a protein slightly larger than the 110-kDa PilCi reacted weakly with the anti-PilC antiserum (Fig. 1A, (13) , possibly through changes in pilin glycosylation (14) . However, the fact that there is intrastrain variation in adhesiveness within a single P+ strain expressing the same pil variant suggests that additional factors are involved in the adhesive process.
From the P+, adh-strain 8013NA, we obtained low-and high-adhesive clones. Mutagenesis and sequence data from the pilE locus in these clones support the importance of piliation and pilin antigenic variation for MC adhesion. Further studies on the PI, adh-8013NA and its P+ adh+ derivatives showed that MC adhesion is also affected by PiNC1 and PNC2. pilCl-mutants are P+, adh-, while pilC2-mutants are P+, adh+. On the other hand, pilCI-/pilC2-double mutants are P-, adh-. Our data demonstrate that (i) PNC1 and PNC2 can function interchangeably in MC pilus biogenesis and (ii) PNC1 is a bifunctional protein, as it also affects adhesion through a mechanism which is unrelated to pilus biogenesis.
In GC, pilC-mutants were initially described as P- (11) . These data led to the hypothesis that PilC serves as an assembly platform for the GC pilus. However, a pilC-, P+, adh-GC strain was subsequently isolated, and its adh+ revertants were also pilC+ (12) . This suggests that PNC functions as an adhesin, rather than as a pilus assembly protein. To explain the discrepancy in data, an additional GC gene, pilC3, weakly homologous to pilCI and pilC2, was proposed to affect piliation but not adhesion. Our data indicate that MC strain 8013 has two related pilC genes, analogous to pilCI and pilC2 in GC. In MC, PiNC1 and PNC2 affect piliation, but only PNC1 is involved in adhesion. Therefore, it appears that a family of pilC genes exist in Neisseria whose products influence piliation. In GC, pilC expression is controlled at the post-transcriptional level by fraineshift mutations in a purine tract located at the 5' region of the gene. Our sequence data show that a similar G tract exists in the MC pilC gene. This strongly suggests that pilC expression in MC is controlled by a similar mechanism, and it makes it extremely unlikely that the adh-phenotype observed in the spontaneously occurring pilCI-strain, 8013NA, is due to polar effects on a gene downstream of pilCI.
The findings reported here raise questions concerning the precise nature of the MC adhesin. Further studies will be needed to identify the exact region in PNC1 and/or pilin that
